The biological activity of extracts from the leaves, bark and roots of Muellera frutescens, an Amazonian ichtyotoxic plant, were evaluated to find new environmentally safe insecticides. The n-hexane extracts of bark, leaf, and root showed a strong toxic activity against Aedes aegypti mosquito larvae. Bioguided fractionation of the bark extract led to the isolation of seven isoflavonoids (12a-hydroxyelliptone, elliptone, (-)-variabilin, rotenone, rotenolone, tephrosin and deguelin). Rotenone and deguelin are responsible for the larvicidal activity of the plant. M. frutescens leaves contain up to 0.6%, w/w, deguelin. These results justify the traditional ichtyotoxic use of M. frutescens. The leaves contain a relatively high proportion of deguelin and, therefore, can be considered as a renewable source of this environmentally friendly insecticidal isoflavonoid.
Insect resistance to insecticides is a problem in all insect groups, including mosquitoes, which are vectors of several emerging or re-emerging diseases [1] . Aedes aegypti is a vector of several arboviruses, such as dengue and yellow fever. In French Guiana, where dengue is endemic, epidemics regularly occur, and Ae. aegypti populations have developed resistance against various insecticides [2] . Sanitary and environmental issues, such as acute and chronic poisoning of applicators and extensive groundwater contamination associated with the use of pesticides, limit largescale application of pest control agents and have led European authorities to remove some insecticides from the market, particularly those used in contact with the public [3, 4] . Consequently, there is a need to discover alternative, environmentally friendly, and safer biopesticides {either microorganisms (microbial pesticides) or naturally occurring substances (biochemical pesticides)} [5] .
The traditional use of fish poisons in the tropics has inspired the discovery of natural insecticides such as rotenone [6] , which has been used as an insecticide for approximately 150 years. It is a mitochondrial blocker capable of suffocating fish and affecting insect respiratory functions [3, [7] [8] [9] . Rotenoids are valuable for their selectivity and rapid biodegradability [3, 7] . The roots or rhizomes of species of the Leguminosae genera Derris, Lonchocarpus and Tephrosia have been reported to contain insecticidal rotenoids [10] .
The genus Muellera is composed of only ten species of climbers and trees that are distributed over South and Central America. These species are sometimes confused with others, such that M. frutescens (JB Aublet) Standley has six referenced synonyms (www.tropicos.org), including Lonchocarpus monilis and Derris moniliformis. Indeed, the use of this species as a traditional fish poison has only been described once in the literature [9] . Hence, M. frutescens may be another rotenoid-containing plant and potentially useful as a new source of eco-friendly insecticides. In our continuing effort to discover new environmentally benign insecticides, we evaluated the chemical kinship of M. frutescens with the above-cited genera (Lonchocarpus and Derris) and studied the possible development of this plant as a larvicide against Ae. aegypti [11] .
M. frutescens was collected in Montsinéry, in French Guiana. The air-dried leaves, barks and roots were extracted successively with heptane, EtOAc, and MeOH. Biological assays on Ae. aegypti larvae allowed us to identify active extracts. The LC 50 values obtained with the PAEA susceptible strain for the n-hexane and ethyl acetate extracts from all of the plant organs are presented in Table 1 . M. frutescens methanol extracts did not show activity against mosquito larvae. The best LC 50 value was observed for the bark n-hexanic extracts, which exhibited 50% mortality at 0.08 µg/mL. When this extract was tested against pyrethroid-and organophosphate-resistant CAYENNE strain mosquito larvae, a LC 50 value of 0.61 µg/mL was recorded, which is eight times higher than that obtained for the PAEA strain (data not shown). Therefore, M. frutescens can be considered as a possible source of insecticides active against resistant mosquito strains.
These assays revealed that the leaf n-hexane and ethyl acetate extracts and the root and bark n-hexane extracts exhibit interesting insecticidal potential. The biological activity and analytical profiles were rather similar for these four extracts. Fractionation of the most active bark n-hexane extract was chosen to isolate and characterize the active constituents of these extracts. 
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Isolation of active compounds and the relative composition of M. frutescens extracts:
The n-hexane extract of the bark of M. frutescens was fractionated based on the insecticidal activity towards the CAYENNE strain to yield seven isoflavonoids, 1 to 7 (6 rotenoids and 1 pterocarpan) ( Figure 1 ). These compounds were characterized by NMR, optical rotation, and circular dichroism and were identified by comparison of their spectroscopic data with those in the literature [12] [13] [14] [15] [16] [17] [18] [19] . The rotenoids have been previously described from the Derris, Lonchocarpus, Tephrosia, and Milletia genera. However, compounds 1 and 2 are rather rare and have only been isolated from Derris species [10]. (-)-Variabilin (7) has been previously isolated from Sophora flavescens and Ononis viscose [20] .
The main compounds isolated in the most active fraction (rotenolone, tephrosin, rotenone and deguelin) were tested for larvicidal activity against the CAYENNE resistant strain (Figure 2) . The results showed that deguelin and rotenone were significantly active (p < 0.0001) with a 24 h larval mortality of 60 and 40%, respectively, at a concentration of 1 µg/mL. Rotenolone and tephrosin were not significantly active at this concentration.
Active rotenoid content in plant organs: Muellera frutescens was then evaluated as a possible source of active rotenoids, in particular, deguelin, which exhibited the highest larvicidal activity against the resistant mosquito strains (Ae. aegypti CAYENNE strain). HPLC profiles indicated that the methanol extracts did not contain either deguelin or rotenone. The main compounds in the leaves, bark and roots were tephrosin, rotenone and deguelin. The amount of each of these metabolites in dry plant organs was measured by HPLC based on their relative proportion in n-hexane and ethyl acetate extracts. The results are presented in Table 2 . The leaves contained up to 10 times more deguelin than the bark and roots. The proportion of tephrosin was also higher in leaves, whereas that of rotenone was rather low, but constant in all organs. This article is the first report of the isolation of rotenone, deguelin, tephrosin, rotenolone, elliptone, 12a-hydroxyelliptone and (-)-variabilin from the Muellera genus. The presence of elliptone (2) and 12a-hydroxyelliptone (1) indicates that Muellera may be closely related to Derris in the phylogeny (contrary to Geesink's proposal to add Muellera to Lonchocarpus) [21] .
Herein, we demonstrated that deguelin and, to a lesser extent, rotenone are responsible for the activity of this plant against the Ae. aegypti CAYENNE resistant strain. The biological results indicate that the rotenoids of M. frutescens exert a cumulative effect (additive or possibly synergistic). Thus, we concluded that this plant species contains insecticidal rotenoids that justify its traditional use as a fish toxicant.
This work also determined that deguelin may be used as an ecofriendly pesticide for vector control in French Guiana and presumably in other places where mosquitoes have developed a high level of resistance towards insecticides. Notably, the highest relative proportion of deguelin is in the leaves of the plant (almost 0.6%, w/w based on HPLC analysis) rather than in the roots, as for other fish-poisoning species. Hence, M. frutescens leaves should be regarded as a possible renewable source of either natural deguelin or of a deguelin-rich extract. Discovery® C18 column (150×4.6 mm, 5 µm) using a Waters system equipped with a W600 pump, a W2996 photodiode array absorbance detector, and a W2420 evaporative light scattering detector. The flow rate was set to 1 mL/min using a linear gradient of water mixed with an increasing proportion of acetonitrile (60/40 to 30/70 in 30 min), and the column was then washed with pure acetonitrile for 5 min. Separations were performed on a Supelco Discovery® semi-preparative C18 column (150×21.2 mm, 5 µm) using a Waters system equipped with a W600 pump and a W2487 dual wavelength UV detector. The samples were injected manually through a Rheodyne injector at a flow rate of 15 mL/min, and the effluents were monitored at 210 nm. An isocratic method with water/acetonitrile (50/50 for 40 min) was used. Silica gel 60 (35-70 µm) and analytical TLC plates (Si gel 60 F 254) were purchased from SDS (France). All other chemicals and solvents were of analytical grade and were purchased from SDS (France). The UV spectra were recorded on a Perkin-Elmer Lambda 5 spectrophotometer. The specific rotation was determined in CHCl 3 with a JASCO P-1010 polarimeter. ESI-MS were obtained with a Navigator Thermoquest mass spectrometer. HR-ESI-MS were run on a ESI-TOF spectrometer (LCT; Waters). Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian 400MR spectrometer equipped with a 5 mm Auto X PGF 1 H/ 15 N-31 P inverse detection probe. NMR spectra were recorded at 400 MHz for 1 H and at 100.6 MHz for 13 C.
Extraction: Plant samples were dried (room temperature, 10% air relative humidity) and finely powdered. Bark (1.4 kg) was extracted at room temperature by maceration using 3 × 2 L of n-hexane; the residue was subsequently extracted using the same volume of ethyl acetate and, finally, with methanol, providing 11.6, 12.2 and 23.3 g of bark extract, respectively, after evaporation of the solvents. Roots (100 g) and leaves (300 g) were extracted separately under the same conditions using 3 × 500 mL of n-hexane, ethyl acetate and methanol, yielding 0.7, 0.8, and 2.5 g of crude extracts from roots and 11.0, 2.8, and 3.7 g of crude extracts from leaves, respectively.
Compound isolation:
The bark n-hexane extract (9.0 g) was chromatographed on silica gel using n-hexane-EtOAc mixtures.
Fractions were combined according to their TLC profiles. Fraction 4, the most active fraction (0.61 g), was further purified by semipreparative HPLC. Fractions containing the same constituent, as determined by analytical HPLC, were gathered and evaporated to allow for the isolation of 12a-hydroxyelliptone (1, 0.3 mg, 0.00003%, w/w) [12] , elliptone (2, 1.1 mg, 0.00010%, w/w) [13] , (-)-variabilin (7, 0.3 mg, 0.00003%, w/w) [14] , rotenolone (3, 1.1 mg, 0.00010%, w/w) [15, 16] , tephrosin (5, 3.4 mg, 0.00031%, w/w) [17] , rotenone (4, 2.7 mg, 0.00025%, w/w) [16, 19] , and deguelin (6, 4.7 mg, 0.00043%, w/w) [27] . All compounds were isolated in their pure forms, and the isolation yields given in % are based on dry plant material.
Relative composition of extracts:
The relative composition of all crude extracts was evaluated by analytical HPLC. All extracts and compounds were diluted in acetonitrile. Extracts were injected at a concentration of 1 mg/mL. The profiles obtained by UV detection (at 210 nm) were compared with those obtained for pure substances, and the compounds quantified based on calibration curves.
Insect capture and maintenance: Two Aedes aegypti strains were used for testing the extracts and compounds. The PAEA strain has been reared for many generations at the insectary of the Institut Pasteur de la Guyane and is susceptible to insecticides usually used for vector control in French Guiana. The CAYENNE strain is resistant to both pyrethroid and organophosphate insecticides and is a first generation (F1) strain from wild-caught mosquito larvae (F0). These larvae were reared in plates and fed with yeast tablets. Adults were maintained under controlled conditions (temperature: 28±2°C, relative humidity: 80±10%, photoperiod: 12 h: 12 h). Females were then blood-fed on mice to produce first filial generation eggs. F1 egg hatching was synchronized, and the larvae were reared as described above. Late third or fourth instar larvae were used for testing.
Larvicidal activity: All crude extracts and isolated compounds were investigated using the WHO procedure for testing mosquito larvicides [22] . Each extract was diluted in ethanol (1 mL) to yield a range of concentrations from 100 to 10 µg/mL. In the case of pure compounds, dilutions were made using the same conditions to obtain 100 µg/mL solutions. Solutions of extracts or compounds were added to distilled water (99 mL) in a plastic cup, and 25 larvae were placed in each cup. Controls were prepared in an ethanol: water (1:99) mixture. All test cups were covered and maintained at ambient temperature. Larval mortality was recorded after 24 h. Immobile larvae were considered dead. All assays were performed in quadruplicate.
Extracts were tested with the PAEA susceptible strain. The extract showing the best larvicidal activity as well as pure compounds were tested with the CAYENNE resistant strain.
Statistical analysis:
LC 50 values of M. frutescens extracts were determined following probit analysis. Then, the significance of the larvae mortality (Figure 2 ) was evaluated with a one-way analysis of variance (ANOVA) followed by a Tukey's multiple comparison test in which the control samples were used as the reference. GraphPad Prism ® 5 (GraphPad, USA) was used for statistical analyses and to make graphs.
